Charge transport properties of a columnar mesophase of carbazole macrocycles are analyzed. Realistic morphologies are sampled using all-atom molecular dynamics simulations while charge transport is simulated using the kinetic Monte Carlo method with transfer rates obtained from the high temperature nonadiabatic limit of Marcus theory. It is shown that the molecular design with side chains pointing inside the macrocycle allows close approach between molecules of neighboring columns, thus enabling three-dimensional transport and helping to circumvent charge trapping on structural defects.
I. INTRODUCTION
Optimal photogeneration of excitons, their fast separation into electrons and holes, and the swift transport of free charge carriers to the electrodes are the determining factors for the design of solar cells with high power conversion efficiency.
1,2 In organic semiconductors, weak intermolecular forces and low dielectric constants lead to localized and strongly bound electron-hole pairs ͑excitons͒. Neither thermal energy, nor the electric field provided by the electrode workfunctions, is strong enough to dissociate these excitons. To remedy the situation, an electron donor ͑D͒ and electron acceptor ͑A͒ mixture can be used. The idea behind such a heterojunction concept is to have different electron affinities and ionization potentials of two materials. At a DA interface, the resulting potentials favor exciton dissociation: the electrons will be accepted by the material with the larger electron affinity, while the hole will be accepted by the material with lower ionization potential. In an efficient device, the difference in the potential energy should be larger than the exciton binding energy and excitons should be formed within the diffusion length of the DA interface. The exciton diffusion lengths in organic materials are, however, much shorter than the absorption depth of the film, which limits the width of the efficient light-harvesting layer. To avoid this bottleneck, the donor and acceptor materials are blended together. 3 The domain size in such a bulk heterojunction must be of the order of the exciton diffusion length, in which case there is a DA interface in the proximity of every generated exciton. Hence, dissociation and charge generation take place everywhere within the active layer. In order to minimize the carrier transport time and to reduce the probability of back electron transfer, efficient exciton dissociation shall be complemented by straight pathways to electrodes for both types of charge carriers. The immediate implication is that ordered bulk heterojunctions are required, with, for example, stripe-like or cylindrical domains spanning the whole cell. 4 In spite of their well-defined requirements, the design of such compounds for ordered bulk heterojunctions is rather complicated. [5] [6] [7] [8] Several types of organic semiconductors, capable of self-assembly on a nanoscale, have been evaluated, among them columnar discotic liquid crystals ͑LCs͒.
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These form conductive columnar structures with flat conjugated -systems surrounded by insulating side chains. The main disadvantages of such columnar architectures are inefficient exciton dissociation due to insulating side chains between donor and acceptor and the one-dimensional nature of the transport. In one dimension, charge carrier mobility is highly sensitive to the presence of defects, since a single disruption of the connectivity, caused either by static disorder or intrinsic assembly defects, can effectively inhibit charge transport. [13] [14] [15] [16] Both problems can be addressed by using a so-called donor-bridge-acceptor concept, where donor and acceptor are covalently linked. The bridge constrains the DA separation and helps to control charge and energy transfer efficiency between the donor and acceptor. This concept has recently been used in donor-bridge-acceptor-bridge block copolymers. 17, 18 In discotic LCs, an analog would be a ringcore structure with the core formed of a donor material, while the ring is made of an acceptor, or vice versa. If such a molecule assembles into a columnar superstructure, it gives rise to separate pathways for holes and electrons. In this context, the synthesis of a -conjugated macrocycle consisting of polycarbazole has been reported. 19 In the bulk, the macrocycles form columns arranged on a hexagonal lattice and the cavity inside may be filled with graphene-like molecules. 20 In this paper, we will demonstrate that an additional advantage of the macrocycle-based architecture is that the side chains can point inward, allowing for a substantially reduced intercolumnar separation in the assembled superstructures. This leads to rather high electronic couplings between molecules in neighboring columns. A resulting three-dimensional charge-percolating network helps to circumvent problems with structural defects, which is crucial for efficient charge transport. 
II. MOLECULAR DYNAMICS SIMULATIONS
The studied chemical structure of a single macrocycle is shown in Fig. 1͑a͒ . In this ideal configuration, the molecule has a fourfold rotational symmetry due to the presence of the four OH side chains.
Molecular dynamics ͑MD͒ simulations were performed using the GROMACS package. 21 The OPLS-based force-field was used with the torsional potential between adjacent monomer units parametrized as described in Ref. 22 . The initial morphology was prepared based on x-ray experiments. 19 According to experimental data, the individual columns are arranged on a hexagonal lattice with a packing distance of 4.7 nm. Within a column, the intermolecular spacing is 0.4 nm, with neighboring molecules rotated at an angle of 30°with respect to each other, leading to a helical pitch with a correlation of every fourth macrocycle.
In our simulations, we considered a system of 4 ϫ 4 ϫ 48 carbazole macrocycles, i.e., 16 columns of 48 molecules each, with periodic boundary conditions. A time step of 1 fs was used. The runs employed a smooth particle mesh Ewald algorithm 23 with explicit treatment up to 1.2 nm to calculate electrostatics and a cut-off of 1.2 nm for van der Waals interactions. Initial velocities were generated from a Boltzmann distribution at 300 K. The NPT equilibration run lasted 2.4 ns with Berendsen pressure coupling and the velocity rescaling including stochastic velocity rescaling thermostat. 24 During equilibration, the intercolumnar separation was reduced to about 3.7 nm, while the distance between neighboring molecules within a column increased to 0.45Ϯ 0.02 nm. Following the NPT equilibration, we performed an NVT equilibration of 1 ns using the velocity rescaling thermostat. The final NVT production run of 20 ps was used to save configurations every 20 fs.
Note that the carbazole macrocycles reported in Ref. 19 were prepared on highly ordered pyrolytic graphite, while in the simulations we were interested in a columnar mesophase. Additionally, the branched alkyl side chains reported by Jung et al. 19 were substituted by linear chains of four carbons in length which reduces steric hindrance. This explains the differences between the experimental and simulated morphologies. Synthesis-wise, shortening of side chains is a straightforward procedure, which also allows for the insertion of a central -system, such as a graphene molecule, to form a donor-acceptor system.
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III. HOLE TRANSPORT
Kinetic Monte Carlo ͑KMC͒ simulations were performed based on the MD configurations using the VOTCA package. 25 An important detail in these simulations is the definition of charge transport units or conjugated segments. 26 In the following, we will consider two cases: ͑a͒ that the whole molecule is conjugated and the charge carrier is delocalized over the full cycle, and ͑b͒ that the charge carrier is localized on a single monomer unit. In case ͑a͒, the diabatic states for the calculation of the transfer integrals for hole transport are then constructed based on the highest occupied molecular orbital of an optimized macrocycle. To account for the changes of the dihedral angle between neighboring monomer segments, the orbitals of the optimized macrocycle are rotated according to the respective orientation of the monomer segments. Hopping rates are calculated using nonadiabatic high temperature Marcus theory,
where is the reorganization energy, J ij is the transfer integral, ⌬G ij is the free energy difference between initial and final states, and k B T ͑T = 300 K͒ is the thermal energy.
In case ͑b͒, we assume that two monomer segments ␣ and ␤ are interconnected by additional intramolecular charge transfer rates, modeled using an expression from transition state theory,
Here, 0 is a prefactor related to the frequency of the promoting mode and the relevant Franck-Condon factor. 28 In accordance with Ref. 26 , we chose a value of 0 =10 15 s −1 , ensuring that intrachain rates are fast enough so that global charge transport is dominated by interchain rates. ⌳ is the reorganization energy of a single carbazole monomer, while the intramolecular transfer integral is approximated by J ␣␤ intra = J 0 cos ⌿ ␣␤ , where ⌿ ␣␤ is the torsional angle between neighboring monomers and J 0 is set to 0.1 eV.
Density-functional theory ͑DFT͒ calculations were performed with the GAUSSIAN03 package 29 to obtain the reorganization energy for a single molecule in vacuum using the B3LYP hybrid functional 30 and a 6-311G͑d,p͒ basis set, yielding = 0.06 eV for the full macrocycle and ⌳ = 0.10 eV for the single carbazole monomer. Transfer integrals between neighboring molecules are evaluated using a method based on Zerner's intermediate neglect of differential overlap as implemented in the Molecular orbital overlap package. 31 Selected results have been checked against transfer integrals obtained from DFT-based calculations using the dimer projection method. 32 No significant differences could be observed. The free energy difference has two contributions,
. ⌬G ij ext = eEr ij is due to an externally applied electric field E, where e is the elementary charge and r ij the vector connecting the two sites i and j. The externally applied electric field was chosen to have a magnitude of E =10 7 V / m throughout and is always aligned parallel to the direction of transport, i.e., in x-, y-, or z-direction, respectively. ⌬G ij estat arises from the different electrostatic interaction energies depending on the localization site of the charge carrier. For a carbazole monomer in vacuum, DFT calculations yield a dipole moment of ϳ2 D pointing into the direction of the nitrogen atom. In the ideal macrocycle, the dipole moment is only 0.03 D since monomer dipoles facing toward the center of the cycle compensate each other. However, due to changes of the conformation of the molecules in the equilibrated morphology, one cannot assume a priori that the effect of electrostatic disorder in ⌬G ij estat is negligible. The electrostatic site energy difference is computed according to Ref. 15 . The required partial atomic charges are determined using the CHELPG method for neutral and anionic state of a carbazole macrocycle in vacuum.
For both conjugation models, absolute values of transfer integrals range from 10 −1 to 10 −8 eV. Some of the values for J are comparable in magnitude to the respective reorganization energy, 0.06 eV. This indicates that the assumption of a site localized charge carrier as described in the hopping regime may not be fully valid in this case. However, we have recently shown 33 that even in such a situation, mobilities determined using Marcus theory are comparable to those obtained, e.g., from semiclassical dynamics calculations. We assume that the same holds for the carbazole macrocycle. Additionally, there is a significant amount of disorder present in the columns, which further localizes charge carriers.
Connectivity graphs as in Figs. 1͑b͒ and 1͑c͒ show the strength of the intermolecular coupling between hopping sites based on the magnitude of the individual transfer integrals and reveal the topology of the transporting network. The fact that the side chains of the carbazole macrocycles face into the cavity allows a close approach between cycles of neighboring columns. In contrast to columnar assemblies of discotic liquid crystals, for instance, this results in distinct electronic coupling also perpendicular to the stacking direction of the columns. To scrutinize the effect of this coupling, we compare one-dimensional transport, i.e., transport only along the stacking direction, to three-dimensional transport. The resulting connectivity graphs ͓see Figs. 1͑b͒ and 1͑c͔͒ not only show a much denser network in 3D but also reveal that intercolumnar coupling is sometimes comparable in magnitude to the coupling within the columns. The highest intercolumnar transfer integrals are found when the closest monomer segments of neighboring macrocycles rotate in such a way that they align almost cofacially, as is shown in Fig. 1͑d͒ .
Hole mobilities are calculated by averaging the charge carrier velocity along the field direction for 10 −7 s. Three cases are considered: an ideal configuration ͑i͒, the equilibrated system with ͑ii͒ and without ͑iii͒ electrostatic contributions. In the former case, the rings as optimized in vacuum were stacked into hexagonally ordered columns with a rotation of neighboring molecules by 30°with respect to each other. KMC runs were averaged for 100 different starting positions. For the equilibrated systems, charge mobility was calculated based on the last 100 frames of the MD production run with ten different starting positions per frame. Note that the system size is rather small in the x and y directions ͑4 ϫ 4 hopping sites͒. However, intercolumnar hops occur along the whole length of the columns which improves averaging in the x and y directions. The resulting hole mobilities for 1D and 3D transport are summarized in Table I .
For both 1D and 3D transport, the calculated mobilities of the ideal system are lower than those obtained for the equilibrated morphology. This can be explained by the nonplanar conformation of the individual macrocycles as resulting from the DFT-based optimization in vacuum. Combined with the helical pitch of the stacking, this leads to a reduced overlap of the molecular orbitals which determine the transfer integral. In the equilibrated morphology, individual carbazole segments can reorient and overall consecutive cycles appear to align in a fashion that increases the electronic coupling, which results in the higher hole mobility. For the 1D case, we additionally find large variations of the calculated mobilities for different snapshots due to the importance of pairs with low transfer integrals as is already known, e.g., for hexabenzocoronene or perylenediimide. 13, 15, 34, 35 Taking the three-dimensionality of the transporting network into account increases charge mobility along the column by one order of magnitude ͑from 0.05 to 0.5 cm 2 / V s͒ for the equilibrated system and differences in mobilities between frames become negligible. The improvement is due to the fact that in three dimensions the additional pathways allow for defects in a column to be circumvented. Thus, the low transfer integrals in a column no longer prevent transport. It is noteworthy that the hole mobility within the xy plane is of the same order of magnitude than in the z-direction. This is a result of the high coupling due to the alignment of monomer segments, as shown in Fig. 1͑d͒ , and the large hopping distance of about 4 nm within the xy plane in the fully conjugated model or high velocity along the polymer chain in the single monomer model.
Energetic disorder is known to decrease the mobility by several orders of magnitude in compounds with a strong dipole moment. 36 In the present case, however, electrostatic disorder leads to a reduction of mobility by merely a factor of 2 in both one-and three-dimensional simulations as well as in all directions ͑for example, from 0.47 to 0.26 cm 2 / V s in the z-direction in 3D͒. This indicates that in the equilibrated morphology, the changes of the conformation of the individual macrocycles do not result in a significant increase of their dipole moment compared to their optimized vacuum conformation.
IV. SUMMARY
By combining molecular dynamics and kinetic Monte Carlo simulations, we have studied the charge transport properties of a columnar mesophase of carbazole macrocycles. We have shown that this system allows charge transport in three dimensions due to inward-facing side chains. The intercolumnar transport leads to an increase in mobility by at least an order of magnitude compared to solely intracolumnar transport because it helps to circumvent neighbors with low couplings along a column. For such a supramolecular arrangement, local mobilities are expected to be on the order of 0.1 cm 2 / V s. Most importantly, this system is almost insensitive to local defects due to the three-dimensional nature of the charge percolation network.
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